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High glucose accelerates the life cycle of the in vivo exposed solutions containing a high concentration of glucose de-
mesothelium. veloped substantial morphological changes, namely de-
Background. Mouse mesothelium exposed in vivo for 30 days
population of the monolayer, cytoplasmic enlargement,to high glucose solutions develop morphological changes that
cell hypertrophy, multinucleation, and reduced regener-characterize a population of cells near the end of their life span.
Methods. The present study was designed to explore, in meso- ative capabilities, as revealed by a significantly reduced
thelial cell imprints, whether these changes could derive from prevalence of mitosis and a substantially decreased cell
an early acceleration of the cell population life cycle in mice
viability [1–3]. These changes characterize a populationexposed for periods of up to 30 days to a 4.25% glucose fluid
of senescent cells near the end of their life span [4, 5].(236 mmol/L/L) prepared in Hank’s balanced salt solution
(HBSS). Three critical points of the cell’s life cycle were evalu- Additional experimental evidence obtained from studies
ated: the G1 checkpoint [proliferating cell nuclear antigen done using the same in vivo experimental setup attested
(PCNA) expression], DNA synthesis (3H-thymidine incorpora-
that these changes of the mesothelial population weretion), and the prevalence of mitosis.
not related to the low pH [2] or to the buffer [6, 7] orResults. Cell populations exposed to a high glucose concen-
tration showed an initial acceleration of their life cycle, as the osmolarity [8, 9] of the dialysis solution. More recent
sustained by a peak of mitosis at two hours, an early increase information obtained from mice exposed to a filter-steri-
of DNA incorporation sustained during the first 24 hours, as
lized, high glucose concentration fluid prepared on thewell as a top level of PCNA expression after three to four
basis of Hank’s balanced salt solution (HBSS) showedhours. These significantly higher values, compared with the
control animals treated with HBSS, collapsed after 24 hours evidence that glucose per se is at the very origin of the
and were nil after 30 days of exposure. hypertrophic and senescent changes seen in the experi-
Conclusions. Exposure to a high glucose concentration in-
mental cell population [10]. These data confirmed previ-duced an early and short-lived acceleration of the mesothelial
ous observations that detected a dose-related effect ofcell cycle, and with a longer exposure this was followed by a
depletion of the growth capabilities of the exposed monolayer. glucose on the hypertrophic cellular changes [2].
How could a high glucose concentration induce early
cell senescence? Reported evidence indicates that differ-
“The cell, the mysterious protagonist of life, is hidden obsti- ent cell types [human endothelium, porcine proximal
nately in the double invisibility of smallness and homogeneity.”
tubular cells (LLC-PK1), mouse proximal tubule cells,
Recollections of my Life, by Santiago Ramon y Cajal
human fibroblasts and mesangial cells] exposed to highTranslated by E. Horne Craigie in Memoires of the
ambient glucose (higher than 20 mmol/L/L) for periodsAmerican Philosophical Society (Vol. VIII, part II),
Philadelphia, 1937, pp 526–527 of time ranging between three and eight days show a
substantial deviation from the normal cell cycle charac-
terized by a decreased tritriated thymidine incorporation
Previous studies in our laboratory have shown that in and mitogenesis associated with cell hypertrophy follow-
vivo, mouse mesothelium exposed for 30 days to dialysis ing an early and short-lived stimulation of proliferation
after 24 and 48 hours of incubation in the same glucose-
enriched fluid [11–13]. Furthermore, cultured rat meso-Key words: peritoneal dialysis, biocompatibility, cell cycle, oxidative
senescence and cell death, hypertrophy. thelial cells exposed to a high glucose concentration dial-
ysis solution for 13 consecutive days showed an early
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cance, appeared before a substantial reduction of cell pose, mesothelial cell imprints taken as described earlier
in this article, after being rinsed with phosphate-bufferedgrowth observed during the rest of the follow-up period.
Having this information in mind, we hypothesized that saline (PBS; Biological Industries, Kibbutz Beit Ha’Emek,
Israel), underwent fixation in 70% ethanol for 30 minutesthe senescent and hypertrophic phenotype observed in
mesothelium, which had been exposed in vivo to high at 48C. Endogenous peroxidase activity was blocked with
3% H2O2 in methanol for 10 minutes, and then slidesambient glucose, could derive from an early acceleration
of the cell population cycle. Consequently, we decided were rinsed in three changes of PBS for two minutes
each. The next step was incubation of the monolayerto explore, in the in vivo setup, the eventual presence
of changes at three critical points related to the mecha- with a solution containing the antibody (Biotinylated
mouse anti-PCNA) for 30 minutes at room temperature.nisms of cell proliferation: the G1 checkpoint, the S phase,
and the prevalence of mitosis. The experiment was done Slides were again rinsed three times with PBS for two
minutes each and were covered with the streptavidin-in mice exposed for periods of up to 30 days to a filter-
sterilized solution containing 4.25% (236.9 mmol/L) glu- peroxidase solution and incubated for 10 minutes at
room temperature. Samples were rinsed once again threecose prepared in HBSS.
times with PBS for two minutes each and covered with
the DAB reagent mixture (diaminobenzidine tetrahy-
METHODS
drochloride, 0.6% hydrogen peroxide reagent and sub-
Animals strate buffer; Zymed Lab Inc.) for three to four minutes.
After rinsing with distilled water, counterstain was car-This study was done using 610 albino mice weighing 20
to 25 g. Animals were handled according to the National ried out for two additional minutes with the hematoxylin
reagent (Zymed Lab Inc.) and was rinsed with water,Institutes of Health Guidelines for Care of Laboratory
Animals [15]. Mice were housed in plastic cages (Tech- incubated in PBS for 30 minutes, and finally rinsed again
with distilled water. Dehydration was performed in anicon, Bugugiatte, Italy) and maintained under a 12-hour
light/dark cycle (light from 7 a.m. to 7 p.m.) and were fed graded series of ethanol (from 50 to 100%) and xylene
(Frutarom, Haifa, Israel), and finally slide processingwith normal mouse chow (Maabarot, Israel) and water
ad libitum. was completed with two drops of Histomount (Zymed
Lab Inc.) and a cover slip.
Preparation of imprints for morphometry Using this technique, nuclei in cells that are in the
process of proliferating will stain brown, whereas cellsThe present investigation was designed on the basis
of the in vivo model of population analysis of mesothe- in the resting state will not stain.
Autoradiography. The methodology used for thislium [2]. Imprints of the mesothelial cell monolayer were
taken immediately after the animals were sacrificed by technique was based on that described by Baker [18].
Mice had an intraperitoneal injection of tritriated thy-neck dislocation. After laparotomy, slides coated with
2.75% Agar (Sigma, Rejovot, Israel) were applied for midine (Thymidin methyl H3, TNC29B, 5 Ci/mmol; Ro-
tem Industry Ltd., Beer Sheeva, Israel). The stock solu-15 to 20 seconds to the anterior liver surface, peeling
off the monolayer. Two imprints were taken from each tion of 3H thymidine contained 48.4 mg of the reagent
per mL (1 mCi/mL). The working solution for intraperi-animal, so that 20 slides for each experimental group
could be made at each time interval. toneal injection carrying 10 mCi/mL was prepared with
0.1 mL of the stock solution in 9.9 mL of HBSS (Sigma).
Processing of imprints Mice were intraperitoneally injected with 0.1 mL (1 mCi)
per gram of body weight and diluted in 1.5 mL of HBSSThree critical moments in the life cycle of the mesothe-
lial cell population were explored. through a 25-gauge hypodermic needle (Terumo Eu-
rope, Leuven, Belgium).Proliferating cell nuclear antigen (PCNA) expression.
This auxiliary 36 kD protein for DNA polymerase delta Mesothelial cell imprints were taken as already de-
scribed. Slides were then rinsed twice with PBS, eachand epsilon, deeply involved in DNA replication and
nucleotide excision repair, is required for cell cycle pro- time during three minutes, and fixed with a solution made
up by Glacial-acetic acid (1 part; E. Merck. Darmstadt,gression from the G1 to the S phases [16]. It has been
widely used as a marker of passage through the G1 Germany) and 100% ethanol (Frutaron, Haifa, Israel)
for an additional 30 minutes.checkpoint [17] and positively correlates with the preva-
lence of mitotic activity. For each experiment, background control slides were
prepared for positive (slide without any tissue), negativeStaining was performed with a kit using a biotinylated
PCNA monoclonal antibody (clone PC 10) that can be chromography (slide with tissue exposed to light), and
a slide with an imprint of the mesothelial monolayer,used in cell samples of most species, including mouse
(Streptavidin-Biotin System for PCNA staining; Zymed taken from a mouse exposed to a nontritriated thymidine
dosage 100 times higher than that of 3H thymidine.Lab Inc., San Francisco, CA, USA) [17]. For this pur-
Shostak et al: Mesothelial cell cycle and glucose2046
The emulsion for high-resolution microautoradiography reaching the plateau value [21]. Area fraction gives the
ratio of the object area, in this case, area labeled bywas prepared as follows. In the darkroom, the LM1 emul-
sion for high-resolution microautoradiography (Amersham tritriated thymidine, related to the box area containing
the sample. This parameter offers information aboutInternational, Amersham, UK) was incubated in a water
bath at 43 to 458C for 30 minutes. The experimental slides both the prevalence of stained cells as well as the exten-
sion of labeling. The integrated optical density (IOD)/were covered with emulsion and allowed to gel for 30
minutes. After this step, slides were kept in light-proof area parameter gives the integrated optical density of
the labeling as it is related to the nuclear area occupiedplastic cages containing silica gel at 48C until develop-
ment (30 days). This part of the processing was done using by the radioactive tracer.
Proliferating cell nuclear antigen expression was quan-the D-19 Kodak developer (Eastman Kodak, Rochester,
NY, USA). After fixation with Kodak fixer P-6557, slides titated as the prevalence of stained cells observed in each
experimental group at every time interval, whereas thatwere rinsed again with distilled water, exposed to Kodak
hypo-clearing agent (Eastman Kodak), and finally rinsed of mitosis (mitotic index) was also estimated as the per-
centage of mitotic cells in specimens taken at specificwith distilled water for five minutes.
Immediately, imprints were stained with a 2.5% solu- determined periods, as shown in the paragraph describ-
ing the experimental groups. Apoptotic cells were mor-tion of Pyronine-B (Sigma) for 30 seconds, rinsed with
distilled water, dehydrated with acetone (Frutarom) for phologically defined on the basis of retracted cytoplasm,
condensed nuclear chromatine forming round or ovalone minute, cleared with xylene (Frutarom), and covered
with a cover slip. After development, particles of metallic dark structures, and followed by the subsequent forma-
tion of multiple fragments of condensed nuclear materialsilver liberated in the emulsion by radiation were seen as
black points or microgranules. These particles were not and cytoplasm. These changes concerned isolated cells
without any manifestation of local inflammatory reactionobserved in cells that did not incorporate tritriated thy-
midine. [22]. The methodology followed for counts was the same
used for autoradiography (area of microscopic fields andPrevalence of mitosis (or mitotic index) and of apoptotic
cells. For this purpose, samples of the monolayer were number of defined objects).
fixed with 70% ethanol and were stained with hematoxy-
Experimental groupslin eosin (Sigma) and 1% Pyronine-B (Sigma).
Morphometric techniques. All data concerning mor- The prevalence of mitosis in intact unexposed animals
and after one intraperitoneal injection of HBSS or thephometric information were obtained using the WScan
Array 2/3 Image Analysis (Galai Production Ltd., Migdal 4.25% glucose solution was evaluated at 30 and 60 min-
utes, and 2, 3, 4 and 24 hours. Ten mice were includedHa Emek, Israel) connected to a Zeiss standard micro-
scope (Carl Zeiss, Oberkochen, Germany) by means of in each time interval for every experimental group: intact
(10 mice), HBSS (60 mice), and 4.25% glucose (60 mice).a Sony Hyper Had-Iris-RGB color camera, model DXC-
151AP (Sony Electronics, Tokyo, Japan). An additional experiment was designed to investigate
the acute effect of one intraperitoneal injection on theTwo mesothelial imprints were taken from each exper-
imental animal. The quality of exfoliated monolayers prevalence of mitosis, observed after reiterated exposure
of the mesothelium to the high glucose concentrationwas initially evaluated by scanning each slide at low
magnification. The main goal was to detect and choose solution once a day, during a follow-up period of six days.
For this purpose, 10 animals were chosen as the unex-observation areas free from artifactual lack of cells, re-
sulting from poor initial attachment and/or subsequent posed control group, whereas 60 mice were used in the
experimental group. Ten animals were sacrificed each day,loss during the several steps of processing. Then imprints
were observed at higher magnification and projected on during six consecutive days, two hours after being exposed
to the experimental solution. Mesothelial imprints werethe computer screen. Three to five 125274.70 mm2 surface
area fields were chosen for evaluation of the different taken, processed, and examined as already described.
The prevalence of apoptotic cells was evaluated in fiveparameters by randomization [19]. Since each experi-
mental group included 10 mice, the total number of ex- additional groups of 10 mice each: intact unexposed mice
(1 group), animals treated with one intraperitoneal injec-amined fields for group at each time interval ranged
between 60 and 76. The number of observed cells/field tion of HBSS (2 groups), and mice injected with the high
glucose concentration fluid (2 groups). In the four groupsoscillated between 221 and 267, which makes from 13,274
to 19,746 cells for each group at every time interval. of injected animals, imprints were taken after two and
three hours of exposure.Definitions of morphometric parameters. For autora-
diography, the labeling index (prevalence of cells incor- For autoradiographic studies, mice were divided in
three groups.porating 3H-thymidine) [20] is presented as a percentage
of the total number of observed cells. Growth fraction Sham-injected animals (30 mice). Mesothelial cell im-
prints were obtained 24 hours after one sham (needlerepresents the sequential level of labeling index, after
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effect) intraperitoneal injection in 10 mice and after 15
and 30 days of repeating the procedure in two other groups
of 10 animals each.
Animals exposed to HBSS (80 mice). In this group,
imprints were taken 30, 60, 120, 180, 240, and 1440 min-
utes (24 hours) after one intraperitoneal injection of the
fluid, as well as after 15 and 30 days of repeating the
procedure in two other groups of 10 animals each. In
these last two groups, samples were taken two hours
after the last injection.
Animals exposed to 4.25% glucose fluid (80 mice).
These animals were treated using the same experimental
protocol used for those exposed to the glucose-free
HBSS except that they were injected with the glucose- Fig. 1. A sequential comparison of prevalence of mitosis (mitotic in-
dex) observed in two experimental groups of mice, treated with oneenriched fluid.
injection of Hank’s balanced salt solution (HBSS) and the high glucose
Proliferating cell nuclear antigen expression was inves- concentration fluid. Peaks of mitosis observed at two and three hours
after the intraperitoneal injection of the glucose-enriched solution aretigated in three additional groups of mice: intact unex-
significantly higher than the corresponding values showed by the HBSSposed controls (10 mice), mice exposed to HBSS (80
control group, as well as values seen in the control group of mice at
mice), and the group of mice treated with the high glu- zero time. Notice that 24 hours after the injection, the glucose-induced
stimulation vanished (*P , 0.05; ***P , 0.001). Symbols are: (h) intact;cose concentration solution (80 mice).
(n) HBSS; (r) 4.25% glucose.The experimental protocol and schedule used in this
part of the study were the same applied to investigate
the incorporation of tritriated thymidine.
Statistical methods
Data are presented as mean 6 SD. Analysis of data
presented in the nominal scale (prevalence and percent-
ages) was done using the two-tailed Fisher’s exact test,
applying the criteria of the minimal required sample size
(0.95 power), calculated for a 5 b error (type I and type II
error) [23]. (a error: finding a statistically significant dif-
ference when analyzing rqo populations of data that are
actually identical; b error: inferring that both populations
are not significantly different when, from a statistical
Fig. 2. Stages of mitosis after two hours of exposure to high glucose
point of view, we cannot find an actual significant differ- (N 5 161 mitotic cells). Around 85% of the observed cells in mitosis
in mice exposed to high glucose concentration for two hours were inence). Means of data measured on an interval scale were
prophase.initially compared with the one-way analysis of variance.
The level of significance was fixed at P , 0.05. As a
second step, the appropriate sample size was calculated
on the basis of power 5 0.95 [23], calculated for a 5 b lence of mitosis (Fig. 1), with a short-lived maximal peak
error. Experimental groups showing a number of cases observed two hours after the intraperitoneal injection.
within the limits of power 5 0.95 were compared with This acute acceleration of the mechanisms activating the
the nonparametric Dunnet test for multiple comparisons mitotic process was most probably affected by cells that
against a single control [24]. This statistical approach had already completed the phase of synthesis (end of S
phase or G2) before being exposed to high glucose. In-was chosen because the frequency distribution of data,
deed, Figure 2 shows that around 85% of mitotic cellsconcerning the parameter IOD/area obtained from mice
were in prophase and metaphase. This stimulation, how-exposed to the high glucose solution, failed to pass the
ever, lasted for a short period of time. After a four-hourKolmogorov-Smirnov normality test [25, 26].
exposure, the prevalence of cells in mitosis dropped to
values not significantly different from those observed in
RESULTS intact unexposed mice, as well as in those treated with
Exposure of the mesothelial monolayer to the high the HBSS. This more modest mitotic activity was also
glucose concentration solution (4.25% equivalent to 236 observed 24 hours after the intraperitoneal injection of
the high-glucose concentration fluid (Fig. 1).mmol/L) induced an initial marked increase in the preva-
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Fig. 4. Percentages of 3H thymidine-labeled cells (labeling index) ob-
served sequentially in the sham (,) and two experimental groups
[(n)HBSS and (r) high-glucose–exposed mice] for intervals up to 30
days. Notice the early peak seen in the high-glucose group that reached
a plateau (growth fraction) after two to four hours of exposure, whereas
in the HBSS-treated animals, the plateau appeared between 4 and 24
hours. After 30 days, the labeling index detected in mice injected withFig. 3. Prevalence of mitosis after one daily injection for six consecu-
the glucose-enriched fluid was nil and significantly lower than the corre-tive days. Intact (h) mice showed no change, and 4.25% glucose (r)
sponding value traced in the HBSS group (***P , 0.001).mice showed a stimulation of the mitotic process that lasted for only
three days that appears to be exhausted by the fourth day of exposure
(***P , 0.001).
Fig. 5. Frequency distribution of the area
fraction parameter. A plot of the data clearly
separates the group exposed to the high glu-
cose concentration for four hours from the
other experimental mice (***P , 0.001). Fail-
ure of data to pass the Kolmogorov-Smirnov
normality test (P , 0.001) indicates that the
frequency distribution of all groups signifi-
cantly varied from the pattern given by the
numbers obtained from a normally distributed
population of data. This manifestation reflects
the expected and characteristic heterogeneity
of a cell population reacting, in vivo and in
situ, to the experimental intervention. In other
words, at variance with the synchronized
standpoint peculiar of the in vitro setup, a cell
population in vivo covers a whole range of
stages within each individual cell life cycle.
Symbols are: (h) HBSS after 2 to 3 and 4
hours; ( ) 4.25% glucose after 2 hours; ( )
4.25% glucose after 3 hours; (j) 4.25% glu-
cose after 4 hours.
Data obtained from mice that were injected once a day mice treated with HBSS (Fig. 4). This peak activity was
sustained for the first 24 hours. The plateau indicatingduring six consecutive days with the glucose-enriched
solution revealed that the initial and short-lived stimula- the growth fraction level was reached at three hours in
the glucose-treated animals (around 10% of cells incor-tion of mitotic activity lasted for only the first three days
of exposure. Then it collapsed by the fourth day and porating 3H thymidine), whereas in the intact group, this
value was observed between 4 and 24 hours of exposurereached values near zero after six days of repeating the
experimental intervention (Fig. 3). (Fig. 4).
Data obtained after evaluation of area of cells incorpo-The experiment evaluated the prevalence of cells in-
corporating tritriated thymidine points at an additional rating tritriated thymidine, expressed as a fraction of the
total examined area (parameter area fraction at 2, 3 and 4aspect of the early accelerating effect of high-glucose
concentration on the cell cycle. As shown in Figure 4, h), confirmed the information given by cell counts (Fig. 5).
The prevalence of cells incorporating tritriated thymi-cells that should have been in the G1 phase before the
injection had a significant increase in the prevalence of dine in the glucose-exposed mesothelial population, after
15 days of exposure, was significantly lower than thatthose entering into S phase as early as after 30 minutes
of exposure, compared with cell numbers obtained from seen in those taken from mice treated with sham injec-
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Fig. 6. The integrated optical density (IOD)/
area frequency parameter was significantly
higher in mice treated with high glucose at
four-hour intervals compared with the other
experimental groups at each time interval
(***P , 0.001). Symbols are: (h) HBSS after
2 to 3 and 4 hours; ( ) 4.25% glucose after
2 hours; ( ) 4.25% glucose after 3 hours; (j)
4.25% glucose after 4 hours.
tions or by means of HBSS, whereas after 30 days, the
proportion of cells in the S phase was near zero (Fig. 4).
It should be noted that the prevalence of cells incorporat-
ing thymidine in both control groups (sham and HBSS)
was not significantly different from each other after 1,
15, and 30 daily injections (Fig. 4).
At any given time, cells incorporating tritriated thymi-
dine showed a whole range of labeling by the radionu-
clide (Fig. 5). This pattern derives from the fact that in the
in vivo situation, the population of cells is heterogeneous
Fig. 7. Percent of PCNA stained cells. PCNA expression sequentiallyregarding the specific moment of the cell cycle at which observed in mice exposed to HBSS is compared to those treated with
they were put in contact with the tracer. This characteris- the high glucose concentration fluid. The proportion of cells positively
reacting to the immunocytochemical staining was significantly highertic is at variance with that seen in cultured, synchronized
(P , 0.001) at the two-, three-, and four-hour time intervals, reachingcells where, by definition, most cells (around 80% in the values near zero after 30 intraperitoneal injections (P , 0.01 compared
first cycle) are blocked and therefore accumulate at a with the corresponding values evaluated in mice exposed to HBSS).
Symbols are: (n) HBSS; (r) 4.25% glucose; (,) intact.specific stage of their cell cycle [27]. Consequently, we
evaluated the intensity of labeling for each group at every
time interval using the integrated optical density (IOD).
As shown in Figure 6, the highest IOD values observed treated with HBSS were not far from that observed in
in the HBSS–treated groups were below 2.5 units, whereas intact cells (1 6 0% at 2 hours and 1 6 0 after 3 hours).
in imprints taken from mice exposed to the glucose- In turn, mice injected with the high glucose concentration
enriched solution, the values for three and four hours fluid showed a substantially increased prevalence of apo-
were higher (for the four-hour group reaching a level of ptosis at both time intervals (3 6 1% and 4 6 1% at 2
significance, P , 0.001; Fig. 6), suggesting a shortened and 3 hours, respectively, P , 0.001).
and accelerated phase of synthesis. Thus, not only the
prevalence, but also the intensity of staining were mark-
DISCUSSIONedly enhanced by the high concentration of glucose.
Figure 7 summarizes our observations on PCNA ex- The three evaluated parameters of cell proliferation,
pression, describing a significantly increased prevalence PCNA expression, thymidine incorporation and mitotic
of cells passing through the G1 checkpoint when under index, show information dealing with three different mo-
the influence of glucose in high concentration, compared ments in the life cycle of the mesothelial population: the
with that detected in mice exposed to HBSS. This en- G1, S, and M phases. They coincide, indicating that an
hanced proliferative activity was short lived, reaching early and short-lived acceleration of the cell cycle with
low levels 24 hours after one intraperitoneal injection, a longer exposure to the high glucose concentration was
was quite moderate after 15 days of treatment, and ex- followed by a depletion of the growth capabilities of the
hausted at 30 days. exposed monolayer. In other words, cells consumed all
The prevalence of apoptotic cells in unexposed mice of their proliferative potential during the period of early
acceleration. The significantly higher IOD detected inwas around 1% (1 6 0). Values seen in both groups
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Fig. 8. Our interpretation of the glucose-
induced changes on the life cycle of the living
and in situ-exposed mesothelial cell popula-
tion. Normally, cells undergo two to three
rounds of mitosis (upper part of the graphic)
before reaching terminal differentiation and
death in apoptosis. Early stimulation derived
from exposure to a high concentration of glu-
cose (lower part) induces acceleration of the
cell cycle, multinucleation, accelerated senes-
cence, and early activation of the mechanisms
leading to apoptosis.
cells exposed during four hours to the high-glucose solu- context, homeostasis is the net result of a highly balanced
network of growth-stimulating and growth-inhibitorytion is a further argument pointing at the early accelera-
tion of the mean cell cycle induced by glucose. The end signals [37], including the still nebulous phenomenon of
contact inhibition [38]. The observations reported in theresult of this change cannot be other than that of a
prematurely senescent, low-density population of large, present study suggest that in vivo exposure of the meso-
thelial monolayer to a high glucose concentration dis-multinucleated and nonproliferating cells, unable to re-
spond to mitogenic stimulation [28]. According to the data rupts this delicate homeostatic equilibrium, after 30 days
resulting in a population of senescent cells [28] that areobtained from the autoradiographic studies, it appears
that the proliferative potential of mesothelial cell popula- blocked in the G1 and G2/M phases of development
[39]. This point is revealed by the absence, at that time,tions obtained from intact unexposed mice was limited to
three or four rounds of mitosis during their life span (Fig. of the stimulation initially induced by the same high
concentration of glucose, since the mitotic index is ex-2). This sequence is graphically depicted in Figure 8, which
also offers our interpretation of the phenomenon of the tremely low, as well as the incorporation of thymidine
and the expression of PCNA [40].glucose-induced life cycle acceleration.
This situation, already observed in a variety of cultured Which could be the mechanism(s) behind this early
stimulation induced by a high glucose concentration?cells exposed to a high concentration of glucose [5, 11–13,
29], the only outcome of which is an early cell death, Several groups of investigators have demonstrated that
low levels of oxidants potentiate growth signals and stim-has also been described in a mesothelial monolayer that
was depopulated after long-term in situ and in vivo expo- ulate proliferation of different cell types. However,
higher concentrations and longer exposure to the samesure to a high concentration of the osmotic agent [2, 3,
10]. This point was heralded by the loss of cell junctions compounds can block cell growth, consequently inducing
both premature senescence and activation of the mecha-and microvilli already detected in human patients on
long-term peritoneal dialysis [30, 31], a clear sign of im- nisms leading to cell death in apoptosis. The prime mover
behind this phenomenon can be explained on the basispending apoptosis [32]. The present study, to our knowl-
edge, is the first done in a cell population exposed in vivo of the response to DNA damage, derived from a progres-
sive shortening of telomeres present at the end of chromo-to a high concentration of glucose, and shows the early
steps of the process leading to accelerated cell death. somes occurring at each mitosis. This process, known as
the end-replication problem [41], is considered one of theSelected genes, hormones, growth factors, and cyto-
kines regulate the cell cycle [33–36]. The number of cells basic mechanisms of cellular aging and death [39], and is
ascribed to oxidative damage to the telomere DNA [42].per unit of surface area in populations obtained from
mammalian tissues is maintained by growth-stimulating It has been shown that intact, cultured mesothelial
cells acutely exposed to a high glucose concentration (24and growth-inhibiting mechanisms, which are inhibitory
signals superimposed over growth stimuli. Within this mmol/L) manifest a significantly increased liberation of
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4. Angello JC, Pendergrass WR, Norwood TH, Prothero J: Cellhydrogen peroxide [43]. Furthermore, in high concentra-
enlargement: One possible mechanism underlying cellular senes-
tion (24 mmol/L) d-glucose induced a substantial impair- cence. J Cell Physiol 140:288–294, 1989
ment of hydrogen peroxide degradation by human endo- 5. Morocutti A, Earle KA, Sethi M, Piras G, Pal K, Richards D,
Rodeman P, Viberti G: Premature senescence of skin fibroblaststhelial and mesothelial cells. However, this phenomenon
from insulin-dependent diabetic patients with kidney disease. Kid-was not detected when both types of cells were incubated ney Int 50:250–256, 1996
in equimolar concentrations of l-glucose and raffinose 6. Gotloib L, Wajsbrot V, Shostak A, Kushnier R: Population
analysis of mesothelium in situ and in vivo exposed to bicarbonate-[44, 45].
buffered peritoneal dialysis fluid. Nephron 73:219–227, 1996As stated in a previous study in our laboratory [10], 7. Wajsbrot V, Shostak A, Gotloib L, Kushnier R: Biocompatibil-
it may well be hypothesized that d-glucose metabolism ity of a glucose-free, acidic lactated solution for peritoneal dialysis
evaluated by population analysis of mesothelium. Nephron 79:322–and the subsequent increased generation, coupled to the
332, 1998already described reduced degradation of reactive oxy- 8. Gotloib L, Wajsbrot V, Shostak A, Kushnier R: Effect of hyper-
gen species in chronic uremia as well as in continuous osmolarity upon the mesothelial monolayer exposed in-vivo and
in-situ to a mannitol enriched solution. Nephron 81:301–309, 1999ambulatory peritoneal dialysis (CAPD) patients [46, 47],
9. Gotloib L, Shostak A, Wajsbrot V: Detrimental effects of perito-are at the origin of the altered life cycle of the exposed
neal dialysis solutions upon in vivo and in situ exposed mesothe-
mesothelial population detected in our experimental ani- lium. Perit Dial Int 17(Suppl 2):S13–S16, 1997
10. Gotloib L, Shostak A, Wajsbrot V, Kushnier R: High glucosemals. This speculation, however, remains to be tested by
induces an hypertrophic, senescent mesothelial cell phenotypeadditional experimental research. If proven correct, the
after long, in-vivo exposure. Nephron 82:164–167, 1999
entire approach for new formulations of biocompatible 11. Lorenzi M, Cagliero E, Toledo S: Glucose toxicity for human
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